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Bacterial nanocellulose (BNC) is a natural biopolymer obtained by gram-negative
bacteria by means of a green and inexhaustible biotechnological process using
glucose as producing source. BCN hydrogels is formed by cellulose nanofibrils that
maintain an open network structure, an ideal matrix to produce new class of organic-
inorganic nanocomposites (OIN) for multifunctional applications. The polyoxometalates
(POMs) are complex molecules with several metallic ions sharing oxide ions, forming
a highly symmetrical metal oxide cluster. Phosphotungstic acid (PWA), H3PW12O40

photoreduction process activated under ultraviolet irradiation, promoting color change.
In this work, photochromic organic-inorganic nanocomposites were prepared by
soaking phosphotungstic acid (H3PW12O40) in wet BNC membranes mats at room
temperature. Semi-transparent and free-standing BNC/PWA nanocomposite with
paper-like aspect were obtained. BNC network was able to control, stabilize and
disperse PWA particles in a narrow nanometric distribution, and FTIR spectra
indicated that the primary Keggin structure was also preserved in the nanocomposites,
independently on the PWA content. The nanoparticles present a narrow distribution of
around 16 nm, independently on the PWA concentration. BNC/PWA nanocomposites
showed reversible photochromic behavior characteristic of the equilibrium between
different tungsten oxidation states. PWA reduction (W6+

→ W5+) and organic matrix
oxidation is proposed to occur through a radical process involving the interaction of one
electron from the oxygen atom of the PWA and one hydrogen from BNC matrix. The
photochromic effect vanishes almost completely after 5 h. This mechanism is real in the
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presence of oxygen, however, if the membranes are left in nitrogen or under vacuum the
blue color remains longer than 45 days. Photo-electrochemical behavior was studied
by spectroelectrochemistry measurements. It is worth noting that all processes were
still reversible in the timescale of the experiment and color changes were observed in
several cycles.

Keywords: bacterial nanocellulose, photochromism, polyoxometalates, phosphotungstic acid, electrochromism

INTRODUCTION

Bacterial nanocellulose (BNC) is a versatile and unique
biopolymer nanomaterial produced by gram-negative bacteria
such as Komagateibacter genus using a green and inexhaustible
biotechnological process (Ross et al., 1991; Klemm et al.,
2005). Differently of plant cellulose process extraction, BNC is
produced by green and inexhaustible biotechnological route and
its obtaining free of impurities in 3-D hydrogel network structure
formed by nanocellulose. When produced in a static culture
medium, BNC hydrogel displays transparency, moldability and
higher mechanical strength and crystallinity than cellulose from
plants (Azeredo et al., 2019). The obtained BNC hydrogel is free
of impurities (lignin, hemicelluloses and pectin) and it is formed
by a three-dimensional nanostructure of bundles of cellulose
nanofibrils. BNC hydrogel displays transparency, moldability
and higher mechanical strength and crystallinity than cellulose
from plants (Eichhorn, 2001; Klemm et al., 2001; Svensson
et al., 2005). These properties combined with the fact that BNC
presents an open network structure, allow the incorporation of
organic/inorganic compounds in its structure leading to new
organic-inorganic nanocomposites (OIN) for multifunctional
applications (medical, food, pharmacy and optoelectronics)
(Eichhorn et al., 2010; Gatenholm and Klemm, 2010; Klemm
et al., 2011; Azeredo et al., 2019; Bretel et al., 2019; Legnani et al.,
2019; Torres et al., 2019; Chiozzini et al., 2020; Dong et al., 2020;
Yang et al., 2021).

The photochromic behavior of bacterial
nanocellulose/spiropyran nanofibrous membranes has been
reported previously (Hu et al., 2011). BNC/spiropyran
photochromic membranes showed reversible photochromic
behavior since change color from colorless to pink forming a
merocyanine structure upon UV irradiation, and turn back to
colorless spiropyran structure by irradiation with visible light.

In the same way, Gutierrez et al. demonstrated that
BNC can be used as templates for fabrication of conductive
and photochromic vanadium nanopapers via sol-gel process
(Gutierrez et al., 2012). The trend in photochromism gained
momentum upon synergistic combination with other materials
in order to generate new functional materials. Growing
interest in this field led to the improvement of existing
photochromic materials, fabrication of photoresponsive devices
while exploring new families of photochromic materials, such
as organic-inorganic photochromic hybrid systems based on
transition metal oxides and polyoxometalates (Chen et al.,
2000; He et al., 2001; He and Yao, 2006; Qi and Wu, 2009;
Dufaud and Lefebvre, 2010).

Polyoxometalates (POMs) are complex molecules with several
metallic ions coordinated by shared oxide ions, forming highly
symmetrical metal clusters. They are good candidates as
functional molecules to be incorporated in organic-inorganic
matrices due to their structures and properties. The metallic
ions in the POM structure are susceptible to reversible redox
process and becoming colored species due to the formation of
mixed valence cations (heteropolyblues and heteropolybrowns).
Its redox property and high-density of electrons are ideal for use
in photo and electrochromic materials (Yamase, 1998). However,
it is difficult to prepare films using only POM compounds
what limits their applications. Nowadays, POM nanoparticles
are been entrapped into polymeric networks to get transparent
thin films and to improve their photochromic properties and
stability (Casan-Pastor and Gomez-Romero, 2005; He and Yao,
2006; Chen et al., 2008; Qi and Wu, 2009). Organic polymers
are easily processed and shaped, in addition to present excellent
toughness and ductility, making them suitable for applications
as matrices for incorporation of POMs (Feng et al., 2002;
Espindola et al., 2019).

Taking into account the good solubility in water-based and
polar solvents, phosphotungstic acid (PWA), represented by
H3PW12O40 molecular formula, is one of the most important
POM that has been explored in the preparation of new OINs.
Besides that, PWA has defined size Keggin’s structure where the
change of color is mainly due to the photoreduction of its W6+

sites under ultraviolet irradiation (Cruz et al., 2017).
Cruz et al. have obtained a photochromic hybrid material

based on the incorporation of di-ureasil and PWA on flexible
recycled PET (Cruz et al., 2017). Moreover, Espíndola et al.,
have obtained highly transparent polymethylmethacrylate –
PWA with fast photochromic response by using drop-on-
demand inkjet (DOD) technology for miniatured devices
(Espindola et al., 2019).

Herein, we report for the first time the preparation and
full characterization of photochromic self-sustainable flexible
nanocomposites based on BNC membranes and PWA, and their
photochromic and electrochromic compared. Here, we would
like to highlight that, to the best of our knowledge, there is no
report yet comparing these processes.

The evaluation of structural and morphological results by
FTIR and TEM confirms that PWA Keggin structure was
preserved inside the BNC/PWA nanocomposites in narrow
nanometric size scale distribution. Photo-electrochromic effect
by spectroelectrochemical and RAMAN spectroscopy were
successfully performed to elucidate photochromic behavior of
different tungsten oxidation states.
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MATERIALS AND METHODS

Bacterial Cellulose Preparation
The strain used for BNC production was Gluconacetobacter
xylinus (ATCC 23760) supplied by André Tosello Foundation,
Campinas-SP, Brazil. It was cultured in Hestrim-Schramm
medium (HS medium) containing D-glucose glycose, yeast
extract, peptone, di-sodium hydrogen phosphate (Na2HPO4),
citric acid, agar and purified water. Analytical grade chemicals
were used as received. Before the bacterial strain inoculation,
the strain culture medium was sterilized and then cultivated
for 1 day at 28◦C in an air circulating oven as conditioning
chamber. The BNC culture medium was prepared according
to the previously reported method. 45 mL of culture medium
and 5 mL of the inoculum were cultivated for 3 days in
static conditions at 28◦C in a 250 mL Erlenmeyer flask
in an air circulating oven. After this time, BNC hydrogel
was harvested and purified to eliminate the culture medium
(to remove the cells and other impurities). The purification
protocol was realized following a previously described protocol
(Tercjak et al., 2015).

BNC Nanocomposites Preparation
Wet 3 mm thick BNC membranes (6 cm × 6 cm) were
immersed in a 250 mL Erlenmeyer flask containing 25 mL
of PWA (Sigma-Aldrich) solution with different concentrations
related to BNC area (cm2). PWA 15% w/area, 30% w/area
and 50% w/area. Afterward the samples were set in motion
using a stirring table for 96 h, at room temperature. BNC/PWA
nanocomposites were washed five times using 20 mL of distilled
water (each time) at room temperature. This procedure was
applied to remove the excess of the PWA from the surface
of BNC. The average thickness of BNC/PWA was ∼40 µm
and the concentration of PWA in the nanocomposites was
estimated from the residues obtained in thermogravimetric
(TGA) tests performed in an oxidizing environment at 600 ◦C.
The resulting PWA contents were 13.5% w/w, 35.5% w/w
and 49.5% w/w. BNC/PWA nanocomposites were renamed
accordantly PWA contents: BNC/PWA 13.5%, BNC/PWA 35.5%
and BNC/PWA 49.5%.

Methods
The morphology of the nanocomposites was investigated using
a JEOL 200CX transmission electron microscope (TEM). To
prepare the samples, the nanocomposites membranes were
powdered in the presence of liquid nitrogen and suspended in
absolute ethanol Sigma (0.01% weight/volume). A drop of the
as-prepared suspension was placed onto the surface of Lacey
formvar/carb 300-mesh copper grid and followed by evaporation
of the solvent. The photochemical behavior was studied by UV-
vis using a Varian Cary 500 spectrophotometer with 1 nm
optical resolution, in the 100–2,000 nm range. Photochromic
experiments were carried out using a box containing 3 lamps
with 27 mW power and emission wavelengths between 300
and 370 nm. The distance between the lamps and samples was
10 cm and the exposure time was 15 min. The material was

structurally characterized by infrared spectroscopy (FTIR) using
a Perkin-Elmer spectrometer, model 2000 in the range from 400
to 4,000 cm−1. The hybrids were milled and mixed with dried
KBr in 1:100 proportions and pressed into pellets. Raman spectra
were recorded using a Raman HORIBA JOBIN–YVON model
LabRAM HR 800 spectrometer, operating with He–Ne laser at
632.8 nm equipped with a CCD camera model DU420AOE-
325. Electrochemical measurements were carried out with
a Microquímica MQPG instrument and a coupled Quimis
stereoscopic microscope. Cyclic voltammograms were obtained
using two platinum wires as auxiliary electrode, Ag/AgCl/KClsat
as reference electrode and the working electrode was a modified
carbon paste electrode (CPE) with the prepared composites
and 0.2 M Na2SO4 solution, adjusted to pH 2 with 5 mM
H2SO4, as electrolyte. To increase the physical contact between
electrode and BNC/PWA nanocomposites, the membranes were
previously milled. Spectroelectrochemical measurements were
carried out with an EG&G PAR 173 potentiostat/galvanostat
coupled with a Guided Wave fiber optic spectrophotometer
model 260, operating in transmittance mode between 400 and
1,700 nm. OINs BNC/PWA nanocomposites membranes were
assembled in a three-electrode system device composed by two
fluorine doped tin oxide coated glass (FTO) electrodes and
Ag/AgCl/KClsat luggin capillary as reference electrode. To avoid
short circuit between FTO electrodes, a 150 µm thick frame
layer of thermo-sealing film Surlyn R© was applied at opposite
edges of OINs BNC/PWA membrane, pressing it on the working
electrode and then sandwiched with the FTO glass counter
electrode. The thermo-sealing was melted with a hot air gun and
immediately clamped to ensure a tight sealing. The device was
partially immersed in 0.2 M Na2SO4, pH 2 by one of the free
ends, filling the electrodes gap and then the reference electrode
was positioned facing the bare edge of the working electrode in
the immersed portion of the device. Cyclic voltammograms were
obtained from +1.0 to −0.75 V/(Ag/AgCl/KClsat) at different
scan rates and spectroelectrochemical data collected at stationary
mode, with 5 to 10 mV steps between each spectrum.

RESULTS

Morphological Characterization
The incorporation of PWA occurred by simple diffusion through
the pores of hydrated BNC membranes, and the final thickness of
all BNC-based nanocomposites were maintained in∼40 µm.

After drying processes, BNC/PWA OINs exhibited paper-
like aspect, macroscopically homogeneous, free-standing, semi-
transparent and flexible, as shown in Figures 1A–C. The blue
color of Figures 1B,C arises from the BNC/PWA membranes
exposition to ultraviolet radiation. It is noteworthy that even after
irradiation membranes remain semi-transparent.

Transmission electron microscopy images were obtained for
the OIN and the results are shown in Figure 2. The nanoparticles
are uniformly distributed and have spherical shape. This allows to
consider that the tri-dimensional BNC nanofibers act controlling,
stabilizing and dispersing the PWA particles as shown in
Figure 2A (Barud et al., 2008; Gutierrez et al., 2012). The PWA
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FIGURE 1 | Pictures of BNC/PWA 49.5% before (A) and after irradiation (B). The photochromic effect vanishes almost completely after 5 h under ambient
conditions. In panel (C) the flexible behavior is showed.

FIGURE 2 | Transmission electron micrograph image of (A,B) BNC/PWA 49.5% and (C,D) BNC/PWA 13.5%.

spherical nanoparticles present a narrow distribution of around
16 nm, independently the PWA concentration.

Structural Characterization
The IR spectra of PWA (Figure 3) present four characteristic
bands at 1,081, 982, 888, and 801 cm−1 assigned to

stretching vibration ν(P–Oa), ν(W–Od), ν(W–Ob–W) and
ν(W–Oc–W)(Bridgeman, 2003), respectively, characteristic of
the Keggin units (Rocchiccioli-Deltcheff et al., 1976).

FTIR spectra indicated that the primary Keggin structure was
preserved inside the nanocomposites. It also showed a widening
of the W-Od, W-Ob-W, and W-Oc-W vibrational modes and
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FIGURE 3 | (A) FTIR spectra of BNC, PWA, BNC/PWA 13.5, 35.5, and 49.5%. (B) Zoom of the spectra shown in panel (A) for better visualization of the changes in
the bands between 600 and 1,200 cm−1.

the shift of some vibration bands, like those assigned to the
W-Od and W-Oc-W modes (Table 1). These changes should be
attributed to strong interactions of electrostatic nature between
PWA and the polymer matrix, due to the heteropolar character
of PWA (Katsoulis, 1998).

Raman spectra were also obtained for the irradiated
BNC/PWA 49.5% sample during the reversible process. Figure 4
shows the Raman spectra of the samples. Figure 5 is a detailed
view of the Raman spectrum in the range of 960 cm−1 to
1,040 cm−1. This region is related to the polyoxometalate main
Raman features. The spectrum on Figure 5 has been fitted
with four bands with a Lorentzian spectral line shape centered
at 1,012 cm−1, 1,008 cm−1, 990 cm−1 and 977 cm−1. A. J.
Bridgeman has thoroughly analyzed the symmetry of Raman
active mode of the a-Keggin polyanion, and obtained the
expected values of such vibration modes with DFT calculations
(Bridgeman, 2003). It comes out that the peak at 1,012 cm−1

corresponds to the symmetric stretching of the W-Ot bonds,
νs(W–Ot). Ot stands for the most outward oxygen atoms
of the octahedra surrounding the tungsten atom. The other
three peaks are asymmetric vibrations modes of the (W–Ot)
corresponding the irreducible representations e, t1 and t2,

TABLE 1 | Characteristic bands of the PWA Keggin structure.

Samples v(P–Oa)
(cm−1)

v(W-Od)
(cm−1)

v(W–Ob–W)
(cm−1)

v(W–Oc–W)
(cm−1)

PWA 1081 988 892 801

BNC/PWA 13,5% – – 898 –

BNC/PWA 39.5% – – 896 822

NC-PWA 49.5% 1082 980 896 822

respectively. The spectrum on Figure 5A, which corresponds to
the unexposed samples, exhibits essentially the contribution of
the peak corresponding to the symmetric vibrations of the W–
Ot bounds. However, Figure 5B, that corresponds to the Raman
spectrum of irradiated samples, presents some notable changes.
For instance, the intensity ratio of the peaks at 1,012 cm−1

and 1,008 cm−1 went from 1.44 for unexposed samples to
0.17 for irradiated ones, meaning that the symmetric band
contribution almost disappeared. This is an evidence that the
irradiation process changes the octahedral arrangement around
the W atoms when a number of species is reduced from W6+

to W5+. Indeed, it seems that the most outward atoms, which
are more sensible to the oxidation process, are undergoing some
chemical reaction thus breaking the symmetry of the W–Ot
bounds arrangement. Also, the main asymmetric W–Ot peak at
1,008 cm−1 substantially shifts to lower energies, most probably
due to the transition of tungsten oxidation number situated at the
center of the octahedra. Finally, on Figure 5C, it is striking how
the spectrum goes back to its original form when removing UV
exposure. This indicates that the process is perfectly reversible.

Optical Characterization
The color of BNC/PWA OIN membrane after exposure to UV
light changes from colorless to a bluish semi-transparent sheet, as
observed in Figure 1B. The intensity of the color is proportional
to the UV dose, such that longer exposure times more intense
is the color. From Figures 1B, 2A, it can be inferred that the
distribution of the PWA in the membranes seems to be efficient
and a homogeneous blue color is observed after irradiation. The
exposed OIN membranes were analyzed by UV-Vis spectroscopy
(Figures 6A,B). It is important to point out that non-exposed
membranes did not present absorption bands in the analyzed
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FIGURE 4 | Raman spectra of BNC, PWA, BNC/PWA 49.5% before and after
irradiation. The blue and gray regions correspond to PWA and BNC bands,
respectively.

FIGURE 5 | Zoom in the blue region of Raman spectra. The blue dots are the
experimental data, the plain gray lines are the four symmetric and asymetric
peaks obtained from nonlinear mean square fitting procedure and the plain
red line is the sum of the fitted peak adjusting the experimental data. In panel
(A) the non-irradiated BNC/PWA spectra, (B) irritated and (C) after irradiation.

spectral range. After exposure, three main absorption bands rose
up at 490, 780, and 1,500 nm. The lower energy bands have
been assigned to intervalence metal-metal charge transfer (IVCT)
involving tungsten sites, according to the equation below.

hν+W5+(A)+W6+(B) � W5+(B)+W6+(A)

FIGURE 6 | In panel (A) Evolution of BNC/PWA 49.5% electronic spectra
collected in 5 min intervals. (B) spectrum showing that blue color remains for
45 days.

The higher energy band is attributed to d-d transitions of the
tungsten ions. It is known that under ultraviolet irradiation fully
oxidized tungsten (VI) can be reduced to the tungsten(V) sites,
that can be reoxidized by exposing the membranes to air. In fact,
the oxygen present in the air is enough to regenerate the fully
oxidized species. To verify the reversibility of the membrane, the
irradiated sample was put into the spectrophotometer and spectra
were collected as a function of time. As observed in Figure 6A,
the photochromic effect vanishes almost completely after 5 h.
This mechanism is real in the presence of oxygen, however, if the
membranes are left in nitrogen atmosphere or placed in vacuum
the blue color remains longer than 45 days (Figure 6B). It is
possible to accelerate the regeneration process by increasing the
concentration of oxygen in the chamber or by heating up the
membranes, in agreement with Yamase (1998).

Photo-Electrochromic Effect
Figure 7A shows cyclic voltammograms of the BNC/PWA 45%
OIN from +1.0 to −0.75 V/ (Ag/AgCl/KClsat) at different scan
rates. In 0.2 M Na2SO4 aqueous acid solution (pH 2) the hybrid
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composite presented three successive and quasi-reversible redox
processes, located at E1/2 ((Epc +Epa)/2) +0.023, −0.251 and
−0.693 V/(Ag/AgCl/KClsat), with the cathodic and anodic peaks
separations of 72, 84, and 85 mV, respectively. In general, PWA
and other Keggin hetero-polyacids structures exhibit a series of
well-resolved one-electron redox processes in neutral or slightly
acidic aqueous media, but they merge into two or more electron
transfer reactions in strong acid aqueous solution (Sadakane
and Steckhan, 1998; Ueda et al., 2017). Also, the two-electron
redox activity of PWA are accompanied by protonation and pH
has a strong effect on its electrochemical behavior. Thus, the
three successive redox couples at +0.023, −0.251 and −0.693
V/(Ag/AgCl/KClsat) were attributed to the first (I), second (II)
and third (III) two-electron reduction of PWA, as summarized
below (Li et al., 2002).

H3PWVI
12 O40 + 2e− + 2H+ → H5PWV

2 WVI
10 O40 (I)

H5PWV
2 WVI

10 O40 + 2e− + 2H+ → H7PWV
4 WVI

8 O40 (II)

H7PWV
4 WVI

8 O40 + 2e− + 2H+ → H9PWV
6 WVI

6 O40 (III)

As shown in Figure 7A, by increasing the scan rates, the
anodic and cathodic current peaks of these three processes also
increase. Curiously, a linear relationship between the current
peaks (ipa) with the square root of the scan rates (v1/2)
was observed (Figure 7A-inset) indicating diffusion controlled
processes, instead of a direct function of the scan rate expected
for immobilized electroactive species. Moreover, the peak to peak
separations of the three redox processes are also larger than
expected for a two-electron transfer reaction, and much wider
than for immobilized redox species in thin films. Thus, these
features may be an indicative that electron-hopping processes in
the OIN particles are limiting the heterogeneous electron-transfer
from the electroactive PWA centers in the BNC membrane to the
electrode, rather than a conventional behavior of conductive thin
films on electrodes.

Spectroelectrochemical behavior of the OIN BNC/PWA 49.5%
were investigated in the visible and NIR spectral regions, and
are shown in Figures 7B–D. In Figure 7B is shown the first
cathodic process (I) of the OIN BNC/PWA 49.5% from +0.15
to −0.15 V in 0.2 M Na2SO4 acid solution (pH 2). It is worth

FIGURE 7 | Cyclic voltammograms of the BNC/PWA 49.5% at different scan rates (A). Inset: Linear correlation between the current of the first anodic peak and the
square root of scan rates. Spectroelectrochemical behavior of the BNC/PWA 49.5% film associated with the first (B), second (C) and third (D) cathodic processes.
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mentioning that the initial features of OIN BNC/PWA 49.5%
membranes immersed in the electrolyte solution are translucent
and slightly whitish. As the potential of the first reduction
process is achieved, the membrane begins to darken to a bluish
hue, and the spectrum is characterized by the rise of three
main bands centered at 494, 750, and 1,300 nm. These bands
were attributed to a tungsten internal d-d transition and two
IVCTs (W5+

→ W6+) bands, respectively, as expected for the
formation of W5+ sites associated to the characteristic two-
electron reduction of the Keggin structure (Feng et al., 2002;
Cruz et al., 2017).

The spectral shifts associated with the second redox process
(II) from −0.15 to −0.45 V are shown in Figure 7C.
The subsequent reduction of two more tungstate anions
(W6+

→ W5+) in the polyoxometalate increases the relative
number of reduced sites in the Keggin structure, resulting in
the increase of the intermetallic IVCTs bands, that shifted from
750 nm and 1,300 nm to 650 and 995 nm. The internal d-d
metal band of W5+ at 494 nm is shielded and less sensitive to
the new electronic configuration of the Keggin polyanion, so only
increased in intensity.

Finally, in the last redox process (Figure 7D) ranging−0.45 to
−0.75 V, the lowest energy IVCT band, that shifts and increases
with the third two-electrons reduction of the polyoxotungstate
anion, merging with the other IVCT band and resulting in a
large convoluted band around 750 nm. Likewise, the internal
d-d transition band of W5+ at 494 nm only increases with the
reduction of other two more tungstate metallic centers. It is worth
noting that all processes were still reversible in the timescale of
the experiment and similar color changes could be observed in
several successive cycles.

CONCLUSION

A simple room temperature route was developed for the
fabrication of semi-transparent and free-standing photochromic
paper-like nanocomposites based on bacterial nanocelullose
(BNC) and phosphotungstic acid (PWA) polyoxometalate.
Results obtained by structural and morphological techniques
confirm primary Keggin structure is preserved in the
nanocomposites, and that BNC network is also stabilizing and

controlling PWA nanoparticles in well narrow nanometric
size distribution. After exposing BNC/PWA nanocomposite to
UV light, there is a change from colorless to a bluish semi-
transparent color sheet. The intensity of the blue color is UV
dose-dependent and when nanocomposites were exposed to
oxygen in air it changed back reversibly. The evaluation of photo-
electrochromic effect by spectroelectrochemical measurements
reveals reversible photochromic behavior characteristic of the
equilibrium between different tungsten oxidation states in the
Keggin type material, suggests that all processes were reversible
even in several consecutive cycles. Free-standing photochromic
BNC/PWA nanocomposites are highly promising to be applied as
sensitive displays, reversible data storage, smart windows, among
others devices dependent on stimuli-responsive systems.
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